Wind energy is pollution-free and renewable. Advanced control design for wind power generation systems represents a pivotal yet challenging research topic. Some sophisticated control schemes have been provided to ensure reliable and high efficient operation of wind turbines during various modes such as start-up, power production and protection shut-down. An overview on the latest developments in modeling and control of wind power generation systems is given in this paper. The main focus is on the effective operation of wind turbine in three well known modes covering safety: maximum power capturing, system protection and load impact reduction. Meanwhile, several key trends are discussed to demonstrate the possible solutions and feasibility of future implementation.
Introduction
Wind is a source of renewable and sustainable power from air current flowing across the earth's surface. The increasing energy demand and the need for clean power generation leads to the fastest growth of wind power generation, and the annual growth rate in excess of 30% and a foreseeable penetration equal to 12% of global electricity demand by 2020. Wind energy has tripled its worldwide generation capacity in the last five years, being once again the fastest growing energy source in the world [1] . Wind turbines harvest wind kinetic energy and convert it into usable electrical power. Reliable and effective wind turbines help offer a solution to the steadily growing world energy demand. Especially, variable speed wind turbines exhibit the ability to operate near to its optimum tip-speed ratio and thus become dominant in modern wind turbines. Ref [2, 3] presents a review of the main configurations of variable speed wind turbines, as well as control methods and their characteristics.
It is worthy noting that, due to the inherent nonlinear nature of components, indispensable disturbances and inaccurate mathematical modeling, modern wind turbine systems exhibit complex dynamics and rapidly changing characters. Therefore, reliable and cost-effective electric energy generation from wind power calls for enabling technologies, especially advanced control schemes to ensure system stability and desirable performance in the presence of system nonlinearities, model uncertainties and unpredictable disturbances. This is particularly true for large scale wind turbines and offshore wind turbines.
Various control methodologies have been reported in the literature on the subject of wind turbine controls [4] . Traditionally, control of wind turbine system was based on stator-oriented vector control, in which the control objectives were achieved with a rotor current controller. One main drawback of this system is that its performance depends heavily on accurate machine parameters such as stator, rotor resistances and inductances. Direct Torque Control (DTC) of induction machines provides an alternative to vector control. This method directly controls machine torque and flux by selecting voltage vectors from a look-up-table using the stator flux and torque information. Modern control strategies aim to overcome the uncertainty and nonlinear factors to get better performance. Several other control methodologies (pitch control, nonlinear adaptive control etc, to just name a few) have also been developed in the past few years [5] [6] [7] . The objective of this article is to update the latest developments in the field of advanced wind turbine control and to stimulate further research within the community. The discussion includes information on:
• Key principles on dynamics and control of wind turbines, including the system structure and fundamentals of controller design.
• Classification and analysis of various wind turbine control techniques, including linear control, nonlinear control, robust and adaptive control, etc.
• New development trends and ongoing efforts, including offshore wind turbine, fatigue reduction control, fault-tolerant control and self-sustainable structure for large-scale wind turbine systems.
Fundamentals on Modeling and Control of Wind Turbines

Wind turbine system structure and types
According to the recent development of wind turbine technology [8] , a wind turbine system can be described in "three-level structure", namely, dynamics level, control level and monitoring level, which are relatively distinct but actually coupled, as shown in Figure 1 .
Level 1 -Dynamics
Details of Dynamics Level are shown in Figure 2 . It is seen that the wind turbine dynamics are suffering from the natural environments, including varying wind streams, waves and current (for offshore wind farms), and soil conditions. Wind steam is a highly time-varying and stochastic process and thus leads to a series of problems to be solved such as wind speed prediction, variable pitch control, torque control etc. Wind turbine may be influenced by hydro and foundation dynamics, such as waves, current, and soil conditions, which should be considered for accurate load computation and analysis. Generally, nacelle dynamics, substructure dynamics and foundation dynamics are the three main parts of wind turbines dynamics. Among them, the nacelle dynamics are the most complex part, which is composed of rotor, drive train, generator and converters. These components are directly related to the wind energy conversion and tend to have the greatest nonlinearity and uncertainty caused by the complex aerodynamic characters.
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Level 2 -Control
The aim of the Control Level can be generalized in three aspects, as shown in Figure 3 .
Firstly, MPPT with partial load. That is, the wind speed is below rated speed and the pitch angle is set to zero, so the wind turbine is in so called "partial load" area, where the control goal is to get the maximum energy conversion. For this, the speed of rotor is regulated to maintain the optimal (maximum) tip speed ratio. This is the basic principle of MPPT (Maximum Power Point Tracking).
Secondly, power control with full load. The wind turbine is located in the "Full load" area since the wind speed is above the rated value and thus the control goal is to regulate the pitch angle to limit the energy conversion to ensure that the corresponding power is on its rated value.
Thirdly, auxiliary control ways. These are control actions for realization of MPPT or Pitch control. That is, to control the torque or speed of motor to track the optimal power point. For this, DC-bus/ DC-chopper and reactive control may be applied for realization of Figure 4 shows the Monitoring Level. This level is of great importance for highly efficient and safe system control. System situations, measures, control commands including limitations are transferring between this level and Control Level.
Level 3 -Monitoring
Three functional blocks are classified here. One block is designed for situations of system loads and faults, which is composed of fatigue load, extreme load, even faults due to abnormal wind conditions or working conditions. Another block is for health management, including load evaluation corresponding to the fatigue load and extreme load, and fault tolerant control corresponding to the fault diagnosis. The third block is a comprehensive functional system named "Sustainable Architecture", which acts as the "brain" of the monitoring system and helps the wind turbine system to operate more safely and efficiently.
According to different characters and application objectives, the wind turbines types and their corresponding new control features are listed in Table 1 .
Dynamic characters and control objectives
To clarify the dynamic characters and control objectives, let's consider the well-known wind conversion principles, which can be explained clearly by Figure 5 .
As the key parameter of wind energy conversion, the power coefficient C p is a nonlinear function of factors such as blade radius, pitch angle (β) as well as tip-speed ratio (λ), etc. Typically, it bears the shape as shown in Figure 5 , from which two important observations can be made:
On one hand, if the tip-speed ratio (λ) is constant, any pitch angle (β) leads to the variation of power efficiency C p . That is, C p will increase with the decrease of β, and thus β = 0 corresponds the maximum C p series. On the other hand, if the pitch angle (β) is constant (for example β = 0), with the increase of λ , C p will first increase onto a maximum value, namely λ opt , and then decrease gradually. This is the basic principle for wind energy conversion. In actual wind turbine systems, some other factors relating to the dynamic characters and control objectives should be considered together to achieve the optimal power efficiency.
Large-scale wind turbine is a rapid changing and nonlinear dynamic system, which is often influenced by complex uncertainty and disturbances. Therefore, an important objective of designing the control system is to ensure highly efficient and stable operation, that is, a combination of optimized and reliable control is needed. A few key characters of wind turbine dynamics should be noted when designing a wind turbine control system here:
• Inaccuracy of wind measurement Accurate and effective measurement and estimation of wind speed is a key step of wind turbine control and monitoring. However, in a real wind farm, due to the effects of unbalanced wind distribution, turbulence, tower shallow etc, it is insufficient to measure wind speed merely with a traditional anemometer.
Some modern wind turbines adopt ultrasonic anemometers to get a more accurate measurement of wind speed. Besides, by variable transform, a computation equation can be derived without taking wind speed as an essential parameter, so as to avoid unreliable measurement.
• Nonlinearity and instability of dynamics Wind turbine modeling shows that the main blocks including motor, generator, electric power and electronic devices demonstrate strong nonlinear characters. Meanwhile, the power factor, pneumatic torque and turbulence flow are all nonlinear time-variant curves. Therefore, the nonlinearity may lead to instability of dynamic systems.
• Complexity of rapid changing control system As a rapid changing and nonlinear dynamic system, wind turbine control system is easily influenced by random wind speed, uncertainty and frequently switching working conditions. Additionally, climate change, power grid fluctuation and components degradation may lead to complex dynamic systems thus it is hard to ensure the dynamical characters and robustness of the whole control system. Considering the above factors, we can categorize the control objectives consistent with the three operation modes, as shown in Figure 6 .
Classification Criteria Wind Turbine Types New Character of Control System
The control objective is to regulate the motor speed rapidly and steadily, so as to keep the optimal tip-speed ratio and realize maximum energy conversion.
• Mode 2: constant rotation speed (u b < u < u r ) The generator achieves its rated rotation but the power is still below the rated power. During this period, with the increase of wind speed, C p is decreasing while toque is increasing, until the output power reaches its rated value. Therefore, the control objective is to keep the rotation speed constant.
• Mode 3: constant power (u r < u < u f ) The generator output its rated power. During this period, with the increase of wind speed, C p is decreasing. Therefore, the control objective is to make rapid and stable adjustment of C p with pitch control, so as to ensure rated output power.
In short, the general objective of the control system is: nonlinear wind turbine dynamics with time-invariant and uncertain parameters. The design of the closed-loop controller must meet the demand of a desired speed/power curve so that asymptotic tracking of speed and rated power will ensure safety and robustness of the system.
Modeling & Control of Wind Turbines
Pitch control techniques
In this section, by studying and summarizing some typical papers, we try to overview the latest developments of wind turbine modeling and control technologies, from the component and algorithm aspects respectively.
The essence of pitch control is power regulation. According to different rotor characters, it can be classified into "passive control" and "active control" [4] .
• Passive control "Passive stalling control" is a basic power control method. By designing a special geometric shape of the blades, we get the maximum (rated) power under expected wind speed. Note that this method may lead to estimation error of power level and blade loads, since it is easy to be influenced by uncertain pneumatic torque conditions. "Passive pitch control" is a novel power control method. By proper design, the blade and hub can passively twist under high wind speed so that we can get the desirable pitch angle. However, due to the difficult matching between blade twist and load, this control method is rarely used in grid-connected wind turbines.
• Active control "Active pitch control" is usually used when the wind speed is above its rated value. By adjustment of all the blades (namely collective pitch control) or each blade separately (namely individual pitch control), the attack angle is reduced to limit the power absorption. In order to weaken the pulsating power caused by the instantaneous wind, rapid and accurate actions are necessary, and this is the target of advanced pitch control.
"Active stalling control" is a combination of passive stalling and active pitch control. In low speed wind, it equals to variable pitch control, and in high speed wind, the blades are adjusted to stalling mode. In comparison with active pitch control, it has relative lower demand for the regulation range and speed of pitch actuator.
Generator/Converter control techniques
DFIG (Doubly-Fed Induction Generator) and PMSG (Permanent Magnet Synchronous Generator) are two dominating generator types in wind power area. For DFIG, the stator is directly connected to grid, and the rotor is connected to converters. Thus, no high power converters are needed. In comparison, PMSG is gearless, but it needs more demanding power converters. Therefore, both types have special characters.
• Generator control techniques Vector control is a typical control style for wind turbines. Besides, there are direct torque control, compound control, and some other improved control technologies. For example, sensorless vector control and sliding mode control scheme can be designed for MPPT. They use observers to estimate the position or speed of rotor and combine the estimation and control to get better power output. But they lack realtime and anti-interference abilities. Other control methods are also available, such as active and reactive power control for direct-drive PMSG, and decoupled control using input-output linearization.
• Converter control techniques For many high power wind turbines, double PWM (pulse-width modulation) converters are often adopted for effective power control, to provide a bidirectional power flow between the turbine generator and the utility grid. For example, a three-level neutral point clamped topology based on vector current control can offer satisfying performances regarding structure stability and grid connection requirements. Some researchers develop new zero vector selection rules for suppressing the zero-sequence current in parallel-connected PWM rectifiers and present detailed analysis of the input current ripple of interleaved three-phase DCM(Discontinuous Conduction Mode) boost rectifiers. The design curves derived from the analysis are used to determine the DM input filter parameters.
Overview of wind turbine control algorithms
From the viewpoint of controller design, the control algorithms can be categorized in two classes, which can be applied to pitch control, yaw control and converter control, according to specific dynamical characters [9] .
• Classical control algorithms PID controller is a popular algorithm due to its simplicity and convenient application. Besides, some modern PLC controllers (e.g. SIEMENS S7-300) integrate PID function block and thus are widely applied. Two points should be noted in wind turbine control based on PI or PID. One is prevention of integrator wind-up with desaturation technology. The other is a combination of PI or PID with modern control algorithms, namely compound control, such as Fuzzy PID, 
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Neural Network PID and Adaptive PID, which helps to improve the control performance. Besides, based on the optimal operating point, a linearized model can be adopted for wind speed, rotation speed and power feedforward control, which is suitable for slightly varying environment, uncertainty and disturbances.
• Modern control algorithms Modern wind turbine control algorithms include optimal control, robust H ∞ control, sliding mode variable structure control, and intelligent control, etc.
H ∞ controller can ensure robustness and stability under random disturbances. For example, LMI based multivariable LPV controllers and disturbance rejection controllers based on geometric approach or sliding mode techniques are applicable for MPPT and power regulation.
Nonlinear intelligent control algorithms directly aim to complex and nonlinear wind turbine dynamics, to achieve high speed and high accuracy control objectives, with self-optimizing and dynamical compensation functions.
Fuzzy control algorithms utilize expert experience as the knowledge language rules for control. It helps to handle the nonlinearity and randomness of wind turbine systems and thus show great robustness in speed tracking and power regulation. Note that due to its dependency on knowledge rules, the algorithms lack in adaptive ability, which may result in low accuracy.
Neural network has similar learning characters with fuzzy control. Besides, it can utilize measurement data for wind forecast and online learning, and thus correct the wind character curve to set up a comprehensive adaptive control mode. In addition, Support Vector Machine (SVM) is also applied in wind forecast and adaptive control.
It can be seen from the above that it is not easy to design a universal controller for different wind turbine dynamics, because of the complex system with wide range cover, varying circumstances and strong uncertainty. Hence, for a actual wind turbine control system, it is necessary to make a "trade-off" between the control cost and objective so as to realize multi-objective and optimized design.
Development trends and ongoing efforts
Offshore wind turbines
In comparison with a wide range of onshore wind turbines, offshore wind turbines widen a new application fields by making better use of the higher and more consistent wind flow at abundant space of sea areas. Figure 7 shows the offshore components defined by the International Electrotechnical Commission [10] . Generally, offshore wind turbines are a typical application of large scale generators. Their sizes are not limited by road or rail transportations, and also effectively reduce the visual and noise annoyances on land.
At the same time, offshore wind turbines have their challenges. As depicted in Figure 2 , waves and currents may cause vibration of hydrodynamics and thus increase the complexity of dynamic modeling. Meanwhile, the costs of installation, operation and maintenance, and system reliability are relatively higher. In a certain sense, stable and long-term suppliers are necessary to make the project life cycle stable and reliable.
According to the current status of research and development, the key features and future development trends of offshore wind turbines are summarized as follows:
• Large scale This is consistent with the higher wind speed offshore and higher power generation demand. Until now, some well known manufacturers have focussed on MW level generators for offshore applications, such as 7MW of Enercon, 6MW of Repower, etc.
• Direct-drive PMSG based direct-drive technology are gradually taking place of DFIG, especially on offshore application. It is obvious that the abandonment of gearbox effectively reduces the faults rate and improves the reliability, despite the larger size. The 3MW wind turbine of Siemens is a successful case.
• Long lifetime cycle Due to the huge cost of installation and maintenance, offshore wind turbines are designed to have longer lifetime cycle than onshore wind turbines, and usually more than 20 years. That is, the construction of offshore wind farm should be well planned and the system components should be more durable and reliable.
Control for uncertainty and nonlinear effects
Some new approaches are proposed to achieve maximum wind power conversion by directly controlling wind turbine to operate along the maximum power coefficient curve (PCC). These control schemes are based on the so called "power coefficient dynamics". It turns out that such dynamics are highly nonlinear and strongly coupled with uncertainties due to the involvement of both rotor dynamics and actuation (pitch) dynamics. Two sets of control algorithms based on smooth variable structure control and memorybased control respectively are developed to ensure high precision PCC tracking, leading to high efficient power conversion.
Wind turbine control during High turbulent winds is a very difficult task that often cannot be efficiently accomplished by a classic wind turbine control system. Some novel control methods are studied for wind turbine operation during strong and gusty winds. These methods rely on a combined use of generator electromagnetic torque and pitch control. Generator electromagnetic torque is used as an intermittent braking torque that assists pitch actions during wind gusts. Meanwhile a methodology for the control system tuning that can guarantee safe operation of the system is developed. The designed control system assures reduction of rotor speed overshot during wind gusts and better control of rotor speed and power to their rated values during turbulent wind.
Smart control for fatigue reduction
With the increasing size of wind turbine blades, the need for more sophisticated load control techniques has induced the interest for locally distributed aerodynamic control systems with built-in intelligence on the blades. Such concepts are often named in popular terms "smart structures" or "smart rotor control". Design loads on wind turbines are generally divided into ultimate (extreme) loads and fatigue loads. Fatigue loads are a key factor for the design of wind turbines. Reducing fatigue loads can result in a significant reduction in cost, affecting required materials, maintenance costs and system reliability. The primary goal of smart rotor control is to reduce fatigue loads on the blades. Besides, extreme loads caused by gusts and other transient operations also cause damage in wind turbines, and it is important to determine if smart rotor control approaches can be effective during these situations as well. Thus, the performance of smart rotor control approaches is to be investigated for fatigue load reduction, during extreme load events.
Fault tolerant and sustainable structure
To ensure the safety and reliability of large-scale wind turbine, fault tolerant and sustainable structure is of great importance [11] . Figure 8 shows the faults classification, fault description and severity level of a wind turbine system. It is seen that the faults can be categorized as two types. "Extreme faults" are mainly actuator faults from torque control, pitch control and so on, whose severity level is high and should be handled in time. The others are "non-extreme faults", including drive-train faults from fatigue and damage of gearbox, and sensor faults from pitch angle measurement errors, rotor speed measurement errors, generator speed measurement errors, and so on. The severity of these non-extreme faults is relatively low and can be accommodated by proper fault tolerant controller to ensure normal operation of a wind turbine system. Furthermore, from the aspect of system construction, a novel structure named "self-sustainable" is proposed here to build up an autonomous and reliable operating mechanism, which is particularly important for rapid upscaling wind turbines and off-shore wind turbines. Based on the intelligent maintenance concept from Lee J. [12] , the fault diagnosis, fault tolerant control and health control technologies are combined to build a self-sustainable system. The self-sustainable structure of wind turbine system is shown in Figure 9 .
As mentioned in Section 2.1, this structure is part of Level-3 -Monitoring Level. It aims to "feel" the health condition and "predict and prevent" the happening of faults, so as to ensure the system reliability. Based on fault diagnosis, extreme remedy and health monitoring technology are introduced to handle extreme faults and non-extreme faults respectively. Fault tolerant control and load reduction are also of necessity for construction of a self-sustainable system. In general, three objects are to be achieved, as follows:
• Robustness to unmodeled dynamics and disturbances (Based on parameter identification and wind forecast technologies).
• Fault tolerant and autonomous ability (For systems with rapidly changing parameters and multi mode switching).
• Feasibility of control scheme (For specific wind turbine, make trade-off and set up simulation & evaluation system).
Summary
As a promising and challenging technology, wind power generation is attracting more attention of researchers and engineers. Many problems and specific technical routes are to be settled or designed to gain better performance for the rapid upscaling. In this paper, brief overview on current research status is provided. Future research directions and development trends are also outlined. The "three-level" system structure is described and some typical dynamic modeling or control technologies are discussed. Finally, a novel fault tolerant control idea and a new self-sustainable system structure are proposed. This survey is expected to be of valuable reference for extending the knowledge about more reliable and effective controls for large scale or offshore wind turbines.
